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I. INTRODUCTION 

Recent experimental data from the Large Hadron Collider (LHC) found no evidence [l[-[H for the supersymmetric 
extensions of the standard model. In particular natural SUSY implies light masses for the gluinos, stop, sbottom 
and Higgsinos whereas the supcrpartncrs can be as heavy as we want. However experiments already excluded the 
stop and sbottom masses up to about 200 GeV putting a fair amount of pressure on these models. Furthermore the 
upper limit that the MSSM poses on the mass of the light Higgs boson requires the addition of beyond the MSSM 
physics at least in the Higgs sector, if the sbottoms and stops are kept light. 

Some of these issues can be resolved elegantly without the introduction of new particles if one considers a simple 
version of the MSSM in which the sign of the kinetic term of one of the Higgs multiplets is changed. Of course in 
order to preserve supersymmetry some of the corresponding interaction terms should be also introduced with opposite 
signs. 

In particular we know that the regular MSSM gives a bad prediction at tree level for the observed 125 GeV Higgs 
boson: 

mn < mzcos{(i). (1) 

A wrong kinetic sign for the second Higgs doublet transforms the cos(/3) into a cosh(/3) thus predicting the right 
answer, mh = 125 GeV. In general we know that hyperbolic functions in particle physics are associated with brancs 
and extra dimensions so this kind of feature might be justified if the model is viewed as a low energy description of 
an underlying string-brane theory with reminiscent effects on the second Higgs multiplet. 

Moreover we will show in section VII that although the states of negative energies seem peculiar at the level of 
classical field theory, all the inconsistencies can be eliminated at the level of second quantization. In particular, if we 
can accept that field theory with both positive and negative kinetic energies can have stable oscillations Q around 
a saddle point of the potential (corresponding respectively to positive and negative masses) we can see how at the 
quantum level the ill defined states can be cured by using a simple and old paradigm: the negative energies are 
associated with time inversion and time inversion can be replaced by CP- conjugation if CPT is to be respected in 
the theory. We show in detail how this works for our exotic MSSM in sections V and VI. 

Section VIII contains some phenomenological aspects and the conclusions. 

II. SHORT REVIEW OF A GAUGE AND CHIRAL SUPERMULTIPLET LAGRANGIAN 



We start with the simple case of a gauge supersymmetric theory with a single chiral multiplet. The Lagrangian has 
the well known expression: 

C = C„ + C,Mrai - V2g($*T"*)A" - V2.gAt'^(*tT'^$) + g($*r-$)Z?- (2) 

where, 

LcMral = -A^$*A^$ + z^t^'^A^* + F*F. (3) 
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Here 4>, ^ form the chiral multiplet and and A° form the gauge supermuhiplet (We refer the reader to the thor- 
ough review in Q, for details.) This Lagrangian is invariant under the foUowing supersymmetry transformations: 

SD" = -^i-e^'a^'A^X" + A^A^V^e), (4) 
v2 

and 

(5$ = 

= -iet^^A^* + V2g(r"$)eU'f''. (5) 

The transformations in EqQ are the same as for a single uncoupled gauge supermultiplet. In comparison the 
transformations in Eq([5]) are different from those specific to a single chiral supermultiplet: the partial derivative is 
changed to a covariant derivative and dF receives an additional term. One can conclude that the gauge supersymmetry 
transformations do not change in the presence of the chiral supermultiplet. The term, 

Cchirai - V2.9($*T''*)A° - V2gX^''{¥T''<^>) + g[^*T''^)D'' . (6) 

is then shown to be invariant separately under the combined supersymmetric transformations. We continue with a 
short review of the Higgs sector of the MSSM Lagrangian. 



III. THE HIGGS SECTOR OF MSSM 



The MSSM contains plenty of chiral multiplets corresponding to the usual fcrmion and Higgs boson parts. The 
superpotential is given simply by, 



Wmssm = uUuQHu - dydQHd - eyeLHd + i-LHuHd 



(7) 



Here H^, Hd, Q, L, u, d, e are the chiral multiplets corresponding to the two Higgses, the left handed quarks and 
leptons and right handed quarks and leptons respectively. This superpotential will lead, among other things, to a 
mass term for higgsinos and Higgses: 



^higgsino mass '^d -^u-^d ) ^ C.C. 

-Cmggsmass = \t^?{\Hl\' + \H+\^ + + W']'') 

The MSSM scalar potential in the presence of soft supersymmetry breaking terms turns out to be 

V = (ImI' + mlj{\Hy + \H+\') + + ml,J(|i/°|2 + \H^\') + b{HtH^ H^H^d) + cc. + 



(8) 



(9) 



Here the term proportional to comes from the F term (superpotential) and those proportional to ^ "^^ and 

^ from the D contribution in the Lagrangian. The rrij^^ , mfj^ and b terms arc soft supersymmetry breaking term. 
The minimum conditions read: 



2 , I |2 u^d 9+9,2 2n n 

Vu 4 

2 I I |2 j,^" 1 -9^ ^" 5 ^ / 2 2\ n 



Vd 4 

The mass matrix for the neutral scalars is computed to be: 



Vd I g'+3 • 



■'"u ^b - ^-^—VuVd 
2 ^"^d ^ 2 ^d 



(10) 



(11) 
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The mass matrix for the pseudosealars is: 



whereas the charged scalars have the mass matrix: 



b 

b 

■Vd 



From these mass matrices one can easily derive the corresponding masses: 



'GO 



2b 







2\^i\ 



''ho 



sin(2/3) 

i(m^o + m| - ^ {m% - miy + Am%m\oSiii?{2(3)) 
= \{m\o + m| + ^J {m\o - mlf + Am%m\oSiii?{2P)) 



'AO 



(12) 



(13) 



(14) 



Here the relations 



g +3 



2 << + ^d) - 2 
expansion one determines a higher bound on the lightest scalar 



v"^ and tan /3 = — were employed. From this by simple Taylor 



m/jo < mz\ cos(2/3)|. 



(15) 



IV. AN EXOTIC MSSM 



Inspired by the latest experimental discovery of a light Higgs particle with the mass in the range mh ~ 125 — 126 
GeV we propose the following version with far-reaching consequences of the MSSM Lagrangian. We change the sign 
of one of the chiral multiplets with the additional gauge-chiral niultiplet interactions associated to it. We will discuss 
the case when this multiplet is the Hd multiplet as the other case can be easily obtained from this. According to the 
analysis made in Chapter I this change will not affect the supersymmetric nature of the lagrangian as we have shown 
that the cancelations under the supersymmetry transformation are separate for the gauge and chiral supermultiplets 
and are also separate for the two chiral supermultiplets by themselves. We also know that the superpotential should 
be invariant by itself so we consider exactly the same superpotential as in EqQ. The main change will be in the 
relative signs of the F terms (between them) and D terms (between them). We are mainly interested in the Higgs 
scalar sector. The contribution of corresponding F terms to the Lagrangian will be: 

CauxMar = -^F^* - + + WdF'' + .... (16) 

This leads to the following term in the scalar potential: 

V = |Mp(|if°P + - + \Hd?) + .... (17) 

Note that the j/xp terms have now opposite signs. In case we change the signs of the Hd multiplet this will appear 
with the opposite sign. 

The D terms appear in the Lagrangian: 

Cd = +10^0" + ga{Hir'Hu)D'' - ga{H\r'Hd)D'' (18) 
which leads to the following contribution in the scalar potential: 

V = \gl{HiT-Hu - H\T-Hd){HlT''Hu - HlT^Hd) (19) 
Here T"^ is a generic generator of the groups SU{2) and U{1). Then Eq. leads to: 
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V 



r + a'- 



{\ill?^\iit\ 



rr-*|2 



(20) 



Finally we can write the complete potential obtained through this procedure and work with it. 



h{H+H- -HlH^,)+c.c.+ 



(21) 



V. THE KINETIC AND MASS SCALAR TERMS 

Here we will analyze in detail the changes that intervene in the scalar sector. We start with the minimum equation 
which now will have the form: 



ml,^+|Mp-6^ + ^4^(«^+«D=0 
- M -b— + (iv + W<j) = 



The scalar mass matrix becomes: 



(22) 



(23) 



The mass matrix for the pseudoscalars remains unchanged whereas the mass matrix for the charged scalars changes 



to: 



(24) 



The biggest difference comes however from the gauge sector where now the mass of the Z boson will be given by: 



ff' + .9'% 2 2^ 



(25) 



This suggest the following definitions: 



Vu = V cosh(/3) 
Vd = V sinh(/3) 



tanh(/3) 



Vd 



(26) 



Note the difference with the standard MSSM: cot(/3) is replaced by tanh(/3). All other couplings will change 
accordingly. 

We will show here in detail how a simultaneously diagonalization of the kinetic terms and potential terms can be 
obtained for the neutral scalars. From the mass matrix in Eq. ([24| . Eq. ([23]) and Eq. (|24l)one can compute the naive 
masses: 



rriQO = itIq± = 

m\„ = 26coth(2/3) 

m^± = m\o — cosh(2/3) 

^Im = ^AO 

mlH=mlcosh{2l3). (27) 
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However we will not consider these the final masses as the kinetic terms have not yet been diagonalized. In the 
neutral sector the two rotation matrices that realize the diagonalization of the potential are: 



(28) 



for the neutral scalars and, 



" RcHu ' 




cos a sin a 




" h ' 


RcHd 




— sin a cos a 




H 


' Imi?„ " 




cos 7 sin 7 










— sin 7 cos 7 




AO 



(29) 



for the neutral pseudoscalars. It can be shown that for the mass matrices at hand the following relations hold: 



sin 2a 
sin 2a 



tanh P 
■ sin 27. 



(30) 



We will choose /? positive, a negative and 7 also positive. 

In order to diagonalize also the kinetic terms we need to consider a full 4x4 matrix as the vacuum in this case 
breaks CP symmetry. We write first: 











Imi7„ 









cos a sin a 

— sin OL cos a 

cos 7 sin 7 

—sin 7 cos 7 





- h ■ 




- h - 




H 


= R 


H 




GO 













(31) 



We now use a trick to further diagonalize the kinetic term. We multiply the 4x4 matrix in Eq pTjl by another 
matrix K to the right such that to maintain the diagonalization of the mass matrices. Then the full rotation matrix 
will be: 



RK = R 



ai 

aa 

03 

04 



fli cos a 02 sin a 

— aisina 02 cos a 

a4 sin 7 as cos 7 

04 cos 7 —03 sin 7 



(32) 



Here ai, a2, 03 and 04 arc complex numbers which will be used for a proper normalization. Then we need to 
diagonalize 



d^{ReHu + iImi?„)t9'^(Rcff„ + ilmH^) - 9^(ReH<j + ilmHd)''d''(RcHd + HmHa) 



(33) 



in a context where the real part can become imaginary and the opposite since they are considered just regular 
fields. Then the following ansatz realizes the proper diagonalization and normalization: 



ai = a3 = (cosh 2/3)1/2 
02 = a4 = i (cosh 2/3)1/2 

Here we used the fact that a ~ —7. Then the proper kinetic term will become: 

(cos2(a) - sm^ia))[d^hd^h - d^Hd^H + d^G^'d^G'' - d^A^^d^A^ 

Next we need to diagonalize the charged scalar mass matrix and kinetic term. We write: 

H+ 



Ha* 



— Rh 



G^ 



sin /?+ cos /?+ 
— cos /3_|- sin /?+ 



G^ 



(34) 
(35) 

(36) 



We translate into 4x4 matrix for the real and imaginary parts of the fields: 



sin/3+ C0S/3+ 

- COS (3+ sin ^+0 

sin/3-|. COS/3+ 

— cos /3+ sin (3+ 







- ReG+ ■ 




RcH2* 
lmH+ 


- 


RcH+ 
ImG+ 








. Imi/+ . 







" ReG+ ■ 




RcH+ 




ImG+ 







(37) 
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Now we apply the same procedure as in the neutral scalar case. We multiply to the right by a complex matrix to 
obtain: 



(38) 



" RcH+ ' 




ReHJ* 


- 


ImH-* _ 













■ 




- RcG+ - 











b2 




RcH+ 








b3 







ImG+ 


. 


b4 





. 







We take in order to diagonalize the kinetic terms: 



bi = (cosh 2/3)1/2 

62 = -i(cosh 2/3)1/2 

63 -(cosh2/3)i/2 

64 = i (cosh 2;3) 1/2 



(39) 



Again the normalization of the states introduces a factor of cosh 2/3 in the masses. The kinetic term after this 
procedure will become: 



(cos2(a) - sm^{a))[df,H+d''H+* - 9^G+a"G+*]. 



(40) 



Since the Goldstone bosons become states of negative energy we will need to ensure that they still have the correct 
properties such that to provide the longitudinal states fo the bosons. We postpone this for section VII where we 
will show how to deal with such states quantum mechanically. The correct and final masses are then: 



''h,H 







-26coth(2/3)cosh(2;3) 
26coth(2/3) cosh(2/3) - TO^(cosh(2/3))2 



MO 



tuIh = ml{cosh{2f3)f 



(41) 



Note as a check of consistency that the negative states have negative masses whereas the regular states have positive 
masses. 



VI. NEUTRALINOS AND CHARGINOS 



The mass term for the neutralinos in the Lagrangian is exactly as in the MSSM: 

C = MN'i'" + c.c (42) 

Assume that the wino and bino masses are very large such that the mixing between the Higgsion and gaugino can 
be neglected. Then one needs to diagonalize only the lower matrix corresponding to the Higgssino. 



fi' 






-/i 







(43) 



The transformation matrix that diagonalizes the mass term is: 





1 


■ 1 -1 ■ 




' Ni' 


Hi, 


^71 


1 1 




. ^2 . 



(44) 



Thus the mixing angle is just 13^ = j and the eigenvalues are simply /i and — /i. We apply the same procedure as 
in the previous case to the 4x4 matrix formed by the real and imaginary parts of the fermion fields to obtain for the 
kinetic term exactly zero. This is mainly due to the precise value of the mixing angle. In the general case when one 
considers corrections to the mixing angle if these corrections are small they would translate into a large normalization 
factor multiplying the masses. Thus they can be considerably larger than 

The charginos sector diagonalization can proceed similarly to that of the charged scalars. Since the topic is more 
intricate will be discussed in more detail in further work. 
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VII. STATES OF NEGATIVE ENERGIES 

We start with a simple case of two scalar fields, one with a positive kinetic energy the other one with negative 
kinetic energy which interact with each other. The corresponding Lagrangian([3|) is: 

£ = - ia^9^$2 - + ^^2*2 - a$?$2 (45) 

The equations of motion in the absence of the interaction term are those of regular Klein-Gordon fields for both 
states: 

{d^^d" + rnD^i =0 

(a^a^ + m2)$2 = (46) 

They are modified in the presence of the interaction term to: 

+ to2)$i + 2A)$i$2 ^ 

(a^a^ + m2)$2 - 2A$2$? = (47) 

The counterpart of the minimum state in the regular case is a saddle point at ~ (local minimum) and 

= (local maximum). This can be seen from: 

dV o n 

— =-m2$2 + 2A$2$i =0 

' (48) 



This kind of model has been studied at the classical level in Q where it has been shown that it can display stable 
oscillation for some range of parameter in particular if A(^^) < 1 for M the initial displacement of the oscillators. 
However we still have a system with violates some of the principles on which we based our description of reality. 

We are mostly interested however in the quantum behavior of this kind of system. One might consider for that two 
approaches described below. 

A. States with negative energies 



We consider for simplicity the Lagrangian of Eq (|l5 
We then quantize both fields in exactly the same way such that 



£ = - -d^d^^2 - T^mj^l + (49) 



n.(^) = / 0(-*)/f («P.e»"-^^ - (50) 



Here the energies arc positive, 



^1 = \V\ + m\ 



E2 = ^pl+ml (51) 
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and the following commutation relations hold: 

[ttp. , ] = [al^ ,al^]^0 fori^ j (52) 
Then the hamiltonian is: 




and the operator aj^ creates a state of positive energy Ei whereas the operator aj^^ creates a state of negative energy 
—E2. One can goes further to study interactions of this type. The main difference will be that in the conservation 
of momentum-energy the incoming states with negative energy will behave like outgoing states with positive energy 
and the opposite. When dealing with decays or scatterings (see [? ]) one sees that infinities already appear at tree 
level as the phase space is infinite. Furthermore unwanted cascade decays might appear which make the appearance 
of negative states also impossible from the experimental point of view. There is also another problem:what happens 
when we are dealing with charged states? It turns out that this question together with the detailed diagonalization 
treatment from section V gives the correct answer to how one should deal with these states quantum mechanically. 



B. Exotic states 



First note that negative energy is equivalent with time reversal and this, if CPT conservation holds, should be 
equivalent with states with reversed CP and positive energies. States with negative energies appeared from the dawn 
of quantum field theory when it was noticed that the Dirac equation has two solutions one with positive energy the 
other one with negative energy. The problem was later solved by quantizing the theory such that the states of negative 
energy correspond to the antiparticles of positive energies. To show that let us consider the hamiltonian of a Dirac 
particle with the quantum expression: 

H= f d'^^-t-H* = hujkalak. (54) 
k 

This in general is not a positive operator as there are always solutions with both a;^ positive and negative. The 
appearance of the unwanted negative energy states can be cured if one introduces the antiparticle operators : 

b\ = flfc 

bk - al (55) 
Thus the hamiltonian is extended to include both the particle and the antiparticle, 

-ff = ^ hLUka\ak + ^ hujkb\bk + Eq (56) 

k k 

and it is a sum of energies of two types of oscillators, corresponding to the electron and positron but both with positive 
energies. 

We now implement this procedure to our case: For a simple Klein-Gordon field charged or not we simply replace 
the operators in Eq. ([50]) by: 




Note that again the correct commutation relations hold: 

[bp^hl,] = -[bl\] = {2nf5^'\p-p') (58) 
Then the contribution of negative states to the hamiltonian becomes: 

H2 = -W2[aj,,ap2 + \V^P20'1^]] ^2[bl^bp., + ]^[bp^bl^]] (59) 
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Thus the energy becomes again positive definite. Note that this procedure is equivalent to simple replacement 
of the particle by its CP conjugate. The usual rules of energy momentum conservation apply when we deal with 
decays and interactions. However some consistency checks are in order to be sure that this approach works properly. 
All interactions that include couplings of the negative states with their hermitian conjugate are safe. The potential 
problems might appear from the following type of terms: 

b{HlH°d-H+H-) (60) 

Here a replacement of the particle by its CP conjugate can lead at first glance to disaster. However after finding 
the mass eigenstates and their couplings one observes that quite general a negative state does not couple anymore 
with the normal state but with its CP conjugate such that in the end one obtains the correct invariant couplings (see 
for details our diagonalization procedure). 

Another relevant aspect that we need to take into account refers to the possible gauge anomalies and to the correct 
contribution of the Goldstone bosons to the longitudinal states of the in particular. First we need to check that 
the up and down Higgsino chosen with opposite Y as in the standard MSSM still lead to the cancelation of the gauge 
anomalies. In our model the couplings of the down Higgsino with the gauge fields have an opposite sign with respect 
to the corresponding coupling of the up Higgsino so they will contribute to the anomaly with factor of (—1)'^ = — 1. 
On the other hand for each diagram the fcrmion is replaced by its CP conjugate such that the contribution of down 
Higgsino reduces (for example for the U{\Y anomaly) to: 



Tr[y3] = Tr[Yuf - Tr[-Y!] = 0. (61) 

Note that only the correct quantization of the negative states leads to the cancelation of the anomalies. Also by 
construction this does not affect the couplings of the Higgs bosons with the down quarks. 

In order to show that our negative states charged Goldstone bosons still account for the longitudinal states of the 
charged W bosons we need to write explicitly the gauge eigenstates in terms of the mass eigenstates in this sector: 

H+ = sin(/3+)G+* - cos{(3+)H+ 

= - cos(/?)G+ + sin(/3)F+* (62) 

The relevant interaction vertex is given by the term in the Lagrangian: 

- igd^H+*VuiWi^ - iW^) - igd^H^VdiW^ - iW^) (63) 

which leads to, 



- igd^G^+ sin(/3+)iv - i9d^G'^+ cos(/3+)«rf (64) 
Thus the contribution to the polarization amplitude turns to be exactly that of the regular MSSM: 

The correct diagonalization of the charged states was crucial in obtaining this result. 

Quite general our model can be easily treated as a regular theory with positive energy states with the added feature 
that the overall masses and couplings are simpler and closer to the desired ones from the experimental point of view. 



VIII. DISCUSSION 



We first use Eq (|41]) and the experimental value of 125.9 GeV for the mass of the Higgs boson to determine all the 
angles in the model: 

P = 0.424 
a = -0.380 

7 = 0.380 (66) 
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The couplings of the Higgs boson with the W , Z, t and b quarks are exact those of the standard model. This can 
be seen from: 

(htt) = (coshmy/^ ^^^ihtt)sM = m)sM 

cosh(/3) 

(hbb) = {cosH2p)y^'^^^ihtt)sM = {hbb)sM 

{hW+W~'') = (cosh(2/3))i/2(cos(a)cosh(;3) +sin(a)sinh(/3))(/iW+W^"^)sA/ = {hW+W->')sM (67) 

Apparently the two photon decay rate in this model if one considers only the top and charged W loops is exactly 
that of the standard model as the couplings are the same. Although charged scalars may appear in the loop their 
estimated large mass leads to a very small contribution. An increase of the diphoton rate of the Higgs boson can be 
explained in this model only by the contributions of the supcrpartncrs in the loops. 

In conclusion our exotic MSSM contains all the particles and interactions of the MSSM with some major differences. 
First of all the suggested mass of 125.9 GeV of the light Higgs boson can be obtained at tree level. All the mixings 
and angles in the neutral scalars sector are predicted and are very simple. Then the main couplings of the Higgs with 
the top, bottom, Z and W bosons are exactly those of the standard model thus making impossible the distinction 
between the two models in the absence of the superpartners. The masses of the neutral Higgsino can attain very large 
values for small mixings due to the normalization factors. 

Our purpose here was to present a new theoretical model and give some hints about the phenomcnological impli- 
cations. Other phenomcnological aspects will be discussed in detail elsewhere. 
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